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Developmental determinants of recovery after relief of partial ureteral
obstruction. Although obstructive nephropathy is a major cause of renal
insufficiency at all ages, the functional consequences of relief of
obstruction on the developing kidney are poorly understood. To eval-
uate recovery from chronic partial ureteral obstruction (CPUO) in the
neonatal period, the left ureter of guinea pigs was constricted within the
first 48 hours of life, and the obstruction was relieved 10 days later. At
three and eight weeks of age, intraureteral pressure, number of perfused
glomeruli (NPG), renal blood flow (RBF), and glomerular filtration rate
(GFR) were measured. These animals were compared with sham-
operated and unrelieved groups. Two additional groups underwent
CPUO at five weeks of age, with persistent obstruction or relief in 10
days, and were also studied at eight weeks. In all animals, intraureteral
pressure increased during ipsilateral ureteral obstruction and normal-
ized following its release. Recovery of RBF and GFR after relief of
ipsilateral CPUO in the newborns was only partial at eight weeks, with
no renal growth or increase in NPG from three to eight weeks of age. In
contrast, recovery of RBF in the adult was complete 10 days after relief
of obstruction, with significant increase in GFR, and no decrease in
renal mass or NPG. We conclude that if delayed, relief of CPUO in the
neonate may not restore renal growth and functional maturation which
have been impaired by CPUO.
Obstructive nephropathy accounts for up to 20 percent of
end-stage renal disease in infants and children [1]. It has been
suggested that surgical correction of the obstruction within the
first 6 to 12 months of life may prevent progression to renal
failure, while delaying repair beyond this period is less likely to
be successful [2—4]. Although little clinical data are available, it
appears that functional recovery from urinary tract obstruction
acquired in adulthood is more complete than in childhood [51.
Although investigators have studied renal function following
relief of acute or chronic complete ureteral obstruction [61,
partial obstruction is far more relevant clinically, since congen-
ital complete ureteral obstruction results in a dysplastic
nonfunctional kidney [71. Recovery of glomerular filtration rate
(GFR) has been measured following relief of chronic partial
ureteral obstruction (CPUO) created in the adult rat [8,91 and
dog [101. However, despite its importance and the unique
characteristics of the immature kidney, there are no published
reports of functional recovery following relief of experimental
CPUO in early postnatal development. While Taki, Goldsmith
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and Spitzer [111 originally reported that renal functional impair-
ment due to unilateral CPUO in guinea pigs was more severe in
young than adult animals, recovery after relief of obstruction
was not examined. Others have shown that the young animal
appears to be more resistant than the adult to renal dysfunction
due to toxic nephropathy [12—14], another form of renal tubular
injury. In view of these findings, we wished to determine
whether age influences recovery from obstructive renal injury.
Similar to the human, nephrogenesis in the guinea pig is
complete before birth, and functional renal maturation proceeds
rapidly during the first postnatal month [15]. We have extended
the observations of Taki et al [11] by adaptation and modifica-
tion of their model of CPUO in the guinea pig. Animals are
studied in the euvolemic state, and renal blood flow (RBF) is
measured by the radioactive microsphere technique, which
obviates problems with urine collection which are inherent in
models of urinary tract obstruction [16]. We have thoroughly
studied this model, including hemodynamics [171, glomerular
dynamics [18], influence of vasoactive compounds [19, 20], and
morphology [21].
The present study was designed to define the functional
pattern of recovery following relief of unilateral CPUO during
early postnatal development, and to compare it with that of
adult guinea pigs obstructed for a similar interval. These
animals were compared with control groups undergoing sham
operation or obstruction without subsequent release.
Methods
Guinea pigs (male:female ratio 0.86) were divided into five
groups. Animals were studied at eight weeks of age, and
treatment of each group is shown in Figure 1. Guinea pigs were
either sham-operated, underwent unilateral partial ureteral ob-
struction (OB), or obstruction and subsequent release (R).
Ureteral obstruction was performed within the first 48 hours of
life (neonate, prefix "N") in Groups NOB and NR, and at five
weeks of age (adult, prefix "A") in Groups AOB and AR (Fig.
1). After anesthesia with halothane and oxygen, animals were
subjected to unilateral (left) partial ureteral obstruction by
encasing the distal ureter with a 2 mm section of polyethylene
tubing as previously described [17]. In two groups of guinea
pigs (AR, and NR), the obstructing section of tubing was
removed under halothane and oxygen anesthesia in a separate
operation 10 days following its placement. In an additional
group of guinea pigs (not shown in Fig. 1), the left ureter was
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Fig. 1. Experimental protocol for each group. Interrupted tine indi-
cates that left ureter is partially obstructed; solid line indicates that left
ureter is unobstructed; arrow indicates release of obstruction; asterisk
indicates age at the time of study.
obstructed and relieved as in Group NR, but animals were
studied at three weeks of age (Group nR, N = 14).
The experimental protocol has been previously described in
detail [17]. Briefly, guinea pigs were fasted with free access to
water the night before study. Animals were anesthetized with
intraperitoneal sodium pentobarbital, 3 mg1100 g body weight,
and placed on a heating table. Tracheostomy was performed,
and 0.9% saline containing 10 pCi/mi [3H] inulin (New England
Nuclear, Boston, Massachusetts, USA) was infused intrave-
nously at 0.3 mI/tOO g body weight/hr. To maintain euvolemia,
donor guinea pig plasma was also infused intravenously at 0.4
mI/tOO g body weight/hr. Mean arterial blood pressure was
continuously recorded from a catheter threaded through the
right carotid artery, with the tip lying at the aortic root. l'hrough
an abdominal incision, a second catheter was placed in the
abdominal aorta at the bifurcation for collection of a reference
blood sample during microsphere injection. Intraureteral pres-
sure was measured proximal to the stenosis in some animals
using a micropipette connected to a servo-nulling apparatus.
Inulin extraction by the left kidney was determined by
simultaneous sampling (0.1 ml) of aortic and left renal vein
blood after a one hour equilibration period. Blood was not
obtained from the right renal vein because of its relative
shortness and limited accessibility due to the bulky viscera in
this species. All blood withdrawn was replaced with an equal
volume of donor guinea pig blood. Immediately following renal
venous blood sampling, 50 to 80 X l0 latex microspheres 14
I m in diameter, labeled with 85Sr (3M, St. Paul, Minnesota,
USA) were suspended in 10% dextran and Polysorbate 80 by
vigorous agitation and ultrasonication. During withdrawal of a
reference blood sample from the abdominal aorta at 0.7 mI/mm,
* the microspheres were injected into the carotid catheter and
— flushed with 0.5 ml 0.9% saline. After replacement of blood
withdrawn, I ml India ink (Higgins No. 4465, Newark, New
Jersey, USA) was infused in the carotid catheter, followed by
infusion of saturated potassium chloride solution to sacrifice the
* animal.
Radioactivity of aortic and renal venous plasma samples was
measured in a beta scintillation counter (Beckman Instruments,
Irvine, California, USA). Kidneys were excised, bisected,
weighed, and placed in 10% formalin solution. Radioactivity of
kidneys and blood samples was measured in a gamma scintil-
lation counter (Beckman Instrments). Dry:wet weight ratio was
determined in kidney halves after heating the tissue at 40°C for
10 days. In some animals, the remaining half of each kidney was
digested in 25% hydrochloric acid and the number of perfused
glomeruli was counted as described previously [221.
Calculations
*
Renal blood flow (RBF), filtration fraction, and glomerular
—
filtration rate (GFR) were calculated as described previously
Statistical analysis
Appropriately selected comparisons of each parameter be-
tween groups was performed by two-way analysis of variance.
Specific group comparisons were made using least-square
means with the standard error estimate derived from analysis of
variance. In addition, groups were compared by Duncan's
multiple range test. Comparisons between left and right kidneys
were made using Student's i-test for paired data. Correlations
between parameters were calculated by linear regression anal-
ysis using the method of least squares. Statistical significance
was defined as P < 0.05.
Results
Growth
As indicated by body weight in Table I, there was no
significant effect of unilateral CPUO on somatic growth. Guinea
pigs undergoing release of obstruction as neonates (NR) had
lower body weight than remaining adult groups, although body
weight was greater than that of three week-old animals (Group
nR, 207.4 8.1 g, P <0.05). There was no effect of obstruction
or its release on wet or dry left kidney weight in adult animals
(Groups AOB and AR, Table 1, Fig. 2A). Wet and dry left
kidney weight of three-week-old animals (Group nR) was 0.933
0.032 g and 0.163 0.006 g, respectively. Thus, CPUO from
birth resulted in growth arrest of the ipsilateral kidney (Group
NOB), and early relief of obstruction did not allow any catch-up
growth (Group NR).
The intact right kidney demonstrated compensatory hyper-
trophy as a result of left CPUO, and this was not diminished by
release of CPUO in Group AR. The greatest increase in right
kidney weight was in animals with left CPUO throughout
development (Group NOB). Early relief of left CPUO (Group
NR) diminished this hypertrophic response. In general, the
relationships between groups for dry kidney weight paralleled
those for wet weight (Table I, Fig. 2A).
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Table 1. Characteristics of guinea pigs
Group N Body weight g
Wet kidney weight g
MAP mm HgL R
Sham 7 456.7 17.8
Studied at 8 weeks of age, obstructed at 5 weeks
Obstruct (AOB) 9 466.8 7.3
Release (AR) 5 469.0 19.1
Studied at 8 weeks of age, obstructed at birth
Obstruct (NOB) 4 494.5 33.3
Release (NR) 4 382.8 34.3
1.898 0.079
2.013 0.105
2.057 0.166
1.082 0124a,b
1.136 O.l56
1.773 0.079
2.475 O.o95
2.271 0.160a
2.889 O.278a_
2.350 0239a,b,e
76.0 1.5
77.0 2.2
75.8 45
59•5
62.0 43a.c
Values are mean SE. L, left; R, right.
a P < 0.05 vs. Shamb P < 0.05 vs. AOB
P < 0.05 vs. AR
d P < 0.05 vs. NOB
P < 0.05 vs. left kidney
a)
C
Mean arterial pressure
As shown in Table 1, CPUO (AOB) and relief of obstruction
(AR) in adulthood did not affect mean arterial blood pressure
(MAP). Groups with unilateral CPUO for eight weeks (NOB)
and early relief of obstruction (NR) had lower MAP than the
sham group.
Number of perfused glomeruli
As shown in Figure 2B, the number of perfused glomeruli in
the left kidney was unaffected by obstruction or release in the
adult. The number of perfused glomeruli in the left kidney of
adult animals undergoing relief of obstruction in the neonatal
period (Group NR, 69.5 3.4 x 10) was not different from that
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Fig. 2. Parameters measured in both kidneys; mean and SE given for
each group. Asterisks show significant differences for left kidney
between groups indicated by horizontal line; stars indicate significant
differences between left and right kidneys. A. Dry kidney weight.
Weight of the right kidney of Group NOB was greater than that of the
intact kidney of all remaining groups (P <0.05). B. Number of perfused
glomeruli. C. Renal blood flow. Right kidney RBF of Group AOB was
greater than in Groups Sham, AR, or NOB (P < 0.05). Symbols are ()
left kidney, () right kidney.
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Table 2. Hemodynamic measurements factored for body (BW) and kidney weight (KW)
RBF mi/mm GFR pJ/min
L
RBF mi/mm GFR pJ/min
LL R L R
Group N 1kg BW Ig KW
Sham 7 20.2 3.1 21.7 4.1 2228.5 290.5 4.80 0.62 5.57 1.00 528.1 56.7
Studied at 8 weeks of age, obstructed at 5 weeks
AOB 9 4.5 0,8" 32.5 4.8e 66.9 33.1" 1.08 0.20" 6.00 0.82w 14.6 7.0"
AR 5 19.1 5.0" 22.5 2.8 1502.0 7210b 4.49 1.16" 4.67 0.60 358.3
Studied at 8 weeks of age, obstructed at birth
NOB 4 2.4 0.6" 13.3 2.4"" 110.5 63.3" 1.03 0.15" 2.30 0,42a,b 45.7 19.4"
NR 4 14.2 2.6" 28.0 2.6e 1571.5 636.l 4.99 0.99" 4.61 0.58 493.4 192.2"
Symbols are the same as in Table I.
of animals studied at three weeks of age (Group nR, 66.8 4.4
x l0). Thus, early release of obstruction in the neonate did not
allow subsequent "recruitment" of additional perfused glomer-
uli in the ipsilateral kidney. There was no increase in number of
perfused glomeruli of the intact hypertrophied kidney in any of
the groups compared to the sham group.
Renal blood flow
Renal blood flow of the left kidney was markedly reduced
during CPUO in both young and adult guinea pigs (Fig. 2C).
Recovery of RBF was virtually complete in Group AR. Despite
a 6.5 week recovery period in Group NR, left kidney RBF was
not greater than following 10 days of recovery (Group nR, 3.43
0.41 mI/mm). When factored for body weight or kidney
weight, left kidney RBF in the groups with ipsilateral relief of
obstruction was not different from that of age-matched controls
(Table 2).
Renal blood flow of the intact right kidney was greater than
that of the left kidney in Group AOB, but was not increased in
Group AR (Fig. 2C). These relationships were the same when
RBF was factored for body or kidney weight (Table 2). Right
kidney RBF (either the absolute or factored value) of Group
NOB was lower than that of Group AOB.
As shown in Figure 3, when all age and treatment groups
were combined, absolute RBF was correlated with the number
of glomeruli perfused per kidney.
Intraureteral hydrostatic pressure
Intraureteral pressure was elevated after three weeks (Group
AOB) and eight weeks (Group NOB) of CPUO (Fig. 4A).
Release of obstruction allowed intraureteral pressure to return
to the normal range in both young and adult animals.
Filtrationfraction
As shown in Figure 4B, CPUO resulted in a significant fall in
filtration fraction. Ten days following relief of obstruction,
however, there was partial recovery of filtration fraction in
Group AR. Filtration fraction was also greater in guinea pigs
with neonatal release of obstruction and prolonged recovery
(NR) than in those with persistent obstruction (NOB). There
was a negative correlation between left kidney filtration fraction
and intraureteral pressure (Fig. 5).
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As shown in Figure 4C, left kidney GFR was profoundly
reduced during obstruction (Group AOB), but release of ob-
struction (Group AR) allowed recovery to 2/3 the normal value.
After 6.5 weeks of recovery (Group NR), left kidney GFR of
guinea pigs obstructed in the first two weeks of life was greater
than that of animals with persistent obstruction (Group NOB).
The relationships for left kidney GFR between groups were
essentially unaffected by factoring for kidney weight (Table 2).
When factored for body weight, left kidney GFR of animals
with release of obstruction was identical regardless of the age at
the time of obstruction (Table 2).
Discussion
The results of this study show for the first time that significant
hemodynamic recovery takes place following release of severe
CPUO. Furthermore, recovery from temporary CPUO in the
neonatal period is limited by impairment of normal renal growth
and functional maturation.
Recovery after relief of CPUO in the neonate
Despite release of obstruction after 10 days of CPUO in the
neonatal guinea pig, renal growth was prevented with no
NA
n
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AR SHAM
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AOB
0NOB
D
55 65 75 85
Number perfused glomeruli, thousands
Fig. 3. Relationship of renal blood flow to the number of peifused
giomeruli per kidney. Each point represents mean for group. r = 0.68,
P < 0.05. Symbols are (LI) left kidney, (O') right kidney.
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It is of interest that functional recovery can take place despite
growth arrest of the kidney subjected to 10 days of CPUO in the
neonatal period. In a study of the morphologic effects of CPUO
in the newborn rat, Claesson, Josephson and Robertson [24]
showed that release of obstruction after two days reduced the
severity of parenchymal lesions, while release after seven days
did not. Although renal function was not measured in this report
[24], CPUO in the neonatal rat has been shown to result in only
a 10 percent reduction in GFR [251. Even seven days of
obstruction did not significantly impair growth of the ipsilateral
kidney, although the intact contralateral kidney was larger
regardless of release of obstruction [241.
o AOB Lack of renal growth despite release of obstruction is most
likely the result of prolonged ischemic injury resulting from
20 vasoconstriction during the period of critical functional nephron
development [15]. In the rat, renal artery stenosis results in
atrophy of the affected kidney, while hypertrophy following
contralateral nephrectomy is impaired in the ischemic kidney
[26]. Ischemic injury due to temporary unilateral renal artery
occlusion also results in marked reduction in RBF which
persists for weeks after the insult, and is associated with
reduction in renal mass [27].
We have previously shown that neonatal CPUO prevents the
normal maturational increase in number of perfused glomeruli
[17], and results in ischemic glomerular contraction [21]. Both
of these effects were reversed by angiotensin converting en-
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Fig. 4. Parameters measured in frft kidney. A. Ureteral pressure. B.
Filtration fraction. C. Glomerular filtration rate.
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Fig. 5. Relationship of frft kidney filtration fraction to intraureteral
pressure. Each point represents mean for group. r = —0.72.
subsequent increase 6.5 weeks later. Adequacy of relief of
obstruction is evidenced by reduction in intraureteral pressure.
With prolongation of recovery to eight weeks of age, there was
slight further improvement in RBF (but not to normal) and
moderate recovery of GFR in the postobstructed kidney.
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zyme inhibition, implicating endogenous angiotensin II as a
mediator of vasoconstriction [19, 21].
Recovery after relief of CPUO in adult guinea pigs
In contrast to the marked effects of temporary CPUO in
neonatal animals, RBF of the postobstructed kidney of guinea
pigs subjected to CPUO at five weeks of age showed complete
recovery as early as 10 days following release of obstruction.
Although elevated intratubular pressure reduces GFR in
guinea pigs with CPUO, decreased ultrafiltration coefficient
also contributes to the impairment [18]. It is therefore likely that
persistently-reduced ultrafiltration coefficient accounts for the
residual decrease in filtration fraction following relief of ob-
struction in these animals. In the rat, GFR was also found to be
reduced earlier, and to a greater extent than RBF, as a result of
complete unilateral ureteral occlusion [28].
Importantly, recovery of RBF was virtually complete 10 days
after relief of obstruction in adult animals, and the number of
perfused glomeruli was not affected by temporary obstruction,
as it was in neonates. It is possible that increased activity of the
renin-angiotensin system in the neonate, reflected by greater
renin production by the renal microvasculature [29, 30] and
higher circulating levels of angiotensin II [311, may delay renal
recovery in young compared to adult adnimals after relief of
cPUO.
We have previously shown that the number of perfused
glomeruli increases with normal growth, and that the timing of
the increase can be accelerated by contralateral nephrectomy
[22]. The present study indicates that whereas early temporary
partial ureteral obstruction prevents this maturational increase,
obstruction in adulthood does not result in subsequent reduc-
tion in the number of perfused glomeruli. Since changes in RBF
were correlated with the number of perfused glomeruli, de-
creased RBF in animals undergoing neonatal CPUO is presum-
ably due at least in part to the presence of underperfused
glomeruli. It is likely that patchy glomerular perfusion in the
obstructed kidney is due to increased angiotensin-mediated
vascular tone [19].
In the adult dog with complete unilateral ureteral occlusion,
recovery of GFR was complete after release of one week of
obstruction, but not after periods of two weeks or longer [32].
In a study of complete unilateral ureteral occlusion in the adult
rat, it was found that the longer the period of obstruction, the
smaller the mass of renal parenchyma which is capable of
recovery [33]. Moreoever, others have shown that the longer
the period of complete obstruction, the longer the period
required for recovery to stabilize [34]. While the period of
obstruction was identical in young and adult animals in the
present study, renal growth and glomerular perfusion were
impaired only in those obstructed in the neonatal period. Thus,
in addition to duration of obstruction, the age at the time of the
insult must be taken into consideration as an important factor in
predicting the course of renal recovery after release of obstruc-
tion.
Compensation by the intact contralateral kidney
In a study of unilateral CPUO in the guinea pig, Taki,
Goldsmith and Spitzer found that compensatory hypertrophy of
the contralateral kidney was proportionately greater in young
than adult animals [11]. In the present study, the greatest
hypertrophy (74%) was observed in the intact kidney of guinea
pigs of Group NOB, wherein function of the left kidney
remained impaired from the time of birth. This finding is
consistent with the neonate having the greatest capacity for
compensatory hypertrophy [11]. Since blood could not be
sampled from the right renal vein, GFR was not measured in the
intact kidney. However, it is reasonable to assume that filtra-
tion fraction did not change as a result of normal or compensa-
tory growth in the interval studied, since uninephrectomy at
birth has been shown to have no effect on filtration fraction in
10- and 21-day-old guinea pigs [231.
Summary
This study represents the first comprehensive analysis of the
renal hemodynamic response to release of obstruction in uni-
lateral CPUO. We found that although relief of obstruction in
the adult allowed prompt hemodynamic recovery, renal growth
and functional development were arrested following relief of
obstruction in the neonate. While the mechanisms underlying
these observations remain speculative, the unique characteris-
tics of the developing kidney, including greater activity of the
intrarenal renin-angiotensin system, increased renal vascular
resistance, and possibly the greater adaptive capacity of intact
renal tissue may all contribute to its impaired recovery from
obstructive injury. Although we found that relief of partial
ureteral obstruction of 10 days' duration in the initial postnatal
period resulted in gradual partial functional recovery, growth
arrest of the ipsilateral kidney was not reversed. Improved
management of the infant or child with obstructive nephropathy
will depend on a better understanding of these interrelation-
ships.
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